Summary: little is known about the effect of prematurity on water reabsorption in the renal tubules by anti-diuretic hormone (vasopression: ADH). The purpose of this study was to assess the different mechanisms of maintaining water balance in newborn and in adult rats on ADH and aquaporin-2 (AQP2) axis. After the dehydration, the plasma ADH in newborn and adult rose 104.6% and 117.2%, respectively. In immunocytochemical study, AQP2 stained more intensively in dehydrated rats. The dehydrated adult rats apical membrane in the IMCD cells showed more intensive staining than in the control rats. Adult rats revealed more intensive staining than newborn after the dehydration in the IMCD cells. We conclude that low ADH secretion in response to dehydration might lead to inadequate production of AQP2 resulting in an increased tendency in newborn to become dehydrated.
INTRODUCTION
It is well known that newborns may experience severe dehydration due to prematurity of the renal tubular system.
The reduction in urinary concentrating capacity in newborns in comparison with older children and adults is due to a reduced glomerular filtration rate (GFR), tubular cell immaturity, reduced nephron length, reduced medullary solute gradient due to increased medullary blood flow and low urea production, and diminished tubular responsiveness to anti-diuretic hormone (vasopression: ADH) [1] [2] [3] [4] [5] . Among these factors, little is known about the effect of prematurity on water reabsorption in the renal tubules by the ADH. Vasopressin regulates water transport in the terminal portion of the collecting duct. This step depends both on the levels of expression of water channels located in the collecting duct cells, and the capacity of ADH to activate these channels. Recently, a vasopressin-sensitive water channel protein (aquaporin-2) and its DNA sequence were described [6] . As a mechanism to adapt to dehydration in mammalians, AQP2 protein is an important mediater of urinary concentration in the collecting duct [6] [7] [8] [9] [10] .
In addition to the V2 receptor abnormality [11] , renal diabetes insipidus with dehydration caused by AQP2 dysfunction has recently been reported [12] .
The purpose of this study was to assess the different mechanisms of maintaining water balance in newborn and in adult by examining the cellular distribution of AQP2 in the IMCD (inner medullaly collecting duct). We also studied the ADH and AQP2 axis, which is important in the homeostasis of water balance.
MATERIALS AND METHODS
Studies were performed on male SpragueDawley rats ages 7 days (newborn) and 40 days (adult). All rats were subdivided into three groups based on dehydrated patterns. The pups were kept with their dam until the day of the study. Group I (dehydration group): The rats in this group were maintained more than 48 hours in a cage, followed by 24 hours of water deprivation and food restriction. Blood samples were then taken and left In newborn rats, AQP2 protein expression on the apical membrane in the inner medullary collecting duct was less prominent than in adult controls. AQP-2 protein staining in the cytoplasm of the principal cells of newborn rat (4-B) was also less than in the adult control rats (5-B).
IMCD cells stained with anti-AQP2 in newborn rats (Figs 6-A, 6-B) and adult rats (Figs 7-A, 7-B) after 24 hrs dehydration are also shown. In newborn IMCD cells, compared to controls (4-A, 4-B) AQP2 stained more intensively in the dehydrated rat (6-A, 6-B). Similarly, the dehydrated adult rat apical membrane in the IMCD cells (7-A, 7-B) showed more intensive staining than in the control rats (5-A, 5-B). Adult rats revealed more intensive staining (7-A, 7-B) than newborn rat (6-A, 6-B) after 24 hrs of dehydration. Furthermore, AQP2 staining in the cytoplasm in IMCD cells was more pronounced after 24 hrs of dehydration in both newborn and adult rats (6-B, 7-B). However, the cytoplasmic AQP2 staining in the adult rats (7-B) was much more intense than in newborns (6-B). We summarized the immunocytochemical study on AQP2 mobilization before and after dehydration in newborn and adult rats in Table  1 .
Staining patterns in newborn and adult rat of recovery group were consistent with those in control group (data is not shown). This result enables us to understand that 24-hours water restriction is reversible change in newborn and adult rats.
DISCUSSION
Infants consume much larger amounts of water per unit of body weight compared with adults. The daily consumption of fluid by healthy infants is equivalent to 10 to 15% of their body weight, compared with 2 to 4% in adults. At birth and for several months thereafter, tubular functional capabilities are less than adult levels. The minimal response noted in infants to administration of vasopressin has led many observers [1] [2] [3] [4] [5] to conclude that, due to immaturity, the renal tubules are relatively insensitive to antidiuretic hormone (ADH). However, the exact mechanism is not interpreted as simply a resistance to the hormone since vasopressin-regulated water channel protein has not been evaluated. It has been recognized in humans that infants tend to be more likely to become dehydrated than adults.We have confirmed that 24 hrs of water restriction results in significant body weight loss in newborn rats compared to adult rats. Consistent with the changes in body weight in newborn and adult rats, plasma osmolality in newborn rats rose much more than in adult rats after water restriction. The magnitude of elevation in plasma osmolality reflects the severity of dehydration, increasing in parallel with degree of weight loss after dehydration. These data demonstrate that newborns can easily lose body water during water restriction.
Interestingly, in adult rats, plasma ADH levels rose 117.2% after water restriction, compared to only 104.6% in newborn rats. With regard to dehydration or elevations of plasma osmolality, newborns were more severely affected than adults, whereas ADH secretion in response to elevations of plasma osmolality in newborns was less than that in the adult rats. In a previous report, it had been shown that in terms of ADH secretion, infants were less responsive than adults, which is consistent with our observations [14] . Our data suggest that newborn infants can not inhibit the progression of severe dehydration, because newborns can not secrete enough endogenous ADH to reabsorb the water necessary to maintain homeostasis.
In the present study, we also performed immunocytochemical studies to characterize the developmental differences of vasopressin and AQP2 between the newborn and adult rat kidney. The mechanisms of the water reabsorption in response to ADH in the renal collecting duct is known, but the details have not been fully elucidated. Recently, an AQP2: vasopressin-regulated water channel protein was cloned from a rat cDNA library, and immunohistochemical studies and RT-PCR along the nephron clearly showed that is expression was limited to the collecting duct cells [6] . In terms of mechanisms of dehydration in infants, the roles of ADH and AQP2 remain unknown. In the present study, after 24 hrs of water restriction, AQP2 distribution in the kidney was histochemically analyzed in kidney sections. The anti AQP2 COON-terminal antibody used in this study was localized to vasopressin-sensitive components in kidney collecting duct principal cells [15] .
We also tried to characterize the long-term regulation of AQP2 and histologic distribution before and after water restriction in newborn and adult kidneys. Immunolabeling was increased by water deprivation, and distributional changes in AQP2 by endogenous vasopressin levels were quantitatively confirmed. In the water-deprived newborn and adult rat, both of which are presumed to have high levels of plasma vasopressin, immunostaining of AQP2 was highly intensified in both the apical membrane and subapical region, especially the former. These observations support the hypothesis that water channel-containing vesicles are mobilized and fuse to the apical membrane during hydration. Increases in the number and size of cytoplasmic vesicles and the development of large vacuoles have been observed in collecting duct cells stimulated with ADH [16, 17] . It has been demonstrated by Lankford et al. that the intramembrane particle clusters in the terminal CD cells were markedly increased in dehydrated rats, and that this change was dominant in the terminal part of the IMCD compared with its proximal part [18] . In the present study, for both newborn and adult rats, AQP2 protein appeared to move into the apical membrane from the cytoplasm, suggesting AQP2 protein shuffling from the cytoplasm into the apical membrane by water deprivation.
It is widely recognized that vasopressin alters the osmotic water permeability of the apical membrane by trafficking water channel-containing vesicles between the endosomal reservoir and the apical membrane via an endo-and exocytotic mechanism [18] [19] [20] . This subcellular location of AQP2 closely resembles the predicted site of ADH-regulated water channels [21, 22] . Ultrafine structural changes by vasopressin have been observed in toad bladders; it was shown that vasopressin and cyclic AMP induced membrane particle clustering in the apical plasma membrane of granular cells in the toad bladder with or without an osmotic gradient [23] . In mammalian collecting ducts, in vivo treatment of Brattleboro rats with vasopressin also induced clustered particles in the luminal membrane [24] .
Our observation in part suggests that AQP2 is abundantly stored in the cytoplasmic vesicles as a reservoir of the ADH-regulated water channel, and then a small fraction thereof is normally expressed on the apical membrane as predicted in the shuttle hypothesis [25] . The mechanism of this adaptive change has not been clarified, and our present study suggests a partial explanation for this phenomenon. Yamamoto et al. have demonstrated an increase in AQP2 protein at the apical side of collecting duct cells in the first 4 weeks after birth, which is presumed to contribute to the maturation of urinary concentrating capacity during kidney development [26] . In our control group, the AQP2 staining in the apical membrane of adult rats was much more intense than in newborn. This result indicates that newborn rats not only secreted less ADH under basal conditions, but also contain less AQP2 protein than adults. Interestingly, after water restriction, despite more severe water loss in newborn rats than in adults, reactive ADH release was less in the newborns than in the adults. Protein expression after water restriction in newborns revealed less intensive staining with AQP2 than in adults, reflecting the smaller elevation of plasma ADH levels. Apical staining with AQP2 after water restriction in adults was much more intense than in newborns. Immunocytochemical localization of AQP2 in adult rats obtained from the present study was consistent with a previous study by Yamamoto et al. [27, 28] . Yasui et al. have demonstrated that AQP2 protein and mRNA expression in homogenized kidney tissue in l0-day adult rats were significantly lower than in 40 day-old rats [7] . These data are supportive of the immunocytochemical difference we observed between newborn and adult rat kidneys stained with AQP2. The reason why newborns tend to become severely dehydrated may be in part due to the inadequate production of AQP2 release of endgeneous ADH in response to dehydration. As for the regulation of AQP2 in vivo, we conclude that low basal ADH levels and low ADH secretion in response to dehydration might lead to inadequate production of AQP2 resulting in an increased tendency in newborns to become dehydrate. 
